Chemical weathering in soils has not been studied extensively in high-latitude regions. Loess sequences with modern soils and paleosols are present in much of subarctic Alaska, and allow an assessment of present and past chemical weathering. Five sections were studied in detail in the Fairbanks, Alaska, area. Paleosols likely date to mid-Pleistocene interglacials, the last interglacial, and early-to-midWisconsin interstadials. Ratios of mobile (Na, Ca, Mg, Si) to immobile (Ti or Zr) elements indicate that modern soils and most interstadial and interglacial paleosols are characterized by significant chemical weathering. Na 2 O/TiO 2 is lower in modern soils and most paleosols compared to parent loess, indicating depletion of plagioclase. In the clay fraction, smectite is present in Tanana and Yukon River source sediments, but is absent or poorly expressed in modern soils and paleosols, indicating depletion of this mineral also. Loss of both plagioclase and smectite is well expressed in soils and paleosols as lower SiO 2 /TiO 2 . Carbonates are present in the river source sediments, but based on CaO/TiO 2 , they are depleted in soils and most paleosols (with one exception in the early-to-mid-Wisconsin period). Thus, most soilforming intervals during past interglacial and interstadial periods in Alaska had climatic regimes that were at least as favorable to mineral weathering as today, and suggest boreal forest or acidic tundra vegetation.
Introduction
Paleosols have the potential for yielding considerable paleoclimatic information. Numerous studies, using degree of development of paleosols, have made paleoclimatic interpretations in North America, Asia, Europe, and elsewhere (see review in Birkeland, 1999) . Paleoclimatic interpretations are often made by comparing paleosols with modern soils in the same region. Many paleoclimatic inferences, particularly those related to precipitation, are made on the basis of degree of chemical weathering in paleosols, because this process requires water.
Loess is widely distributed in Alaska and is geographically the most extensive surficial deposit in the region (Fig. 1) . In central Alaska, studies by Westgate et al. (1990) indicate that the Alaskan loess record may extend back to ,3.0 Ma. Paleosols are common in central Alaskan loess, but there are, nevertheless, few data on what significance such features may have for interpreting paleoclimate. It is generally agreed that the presence of paleosols represents the slowing of loess deposition, such that pedogenesis can keep ahead of sedimentation (Begét, 1996 (Begét, , 2001 Muhs et al., 2003a; Muhs and Bettis, 2003 On first principles, it could be argued that one might not expect much chemical weathering in soils found in the subarctic climate of central Alaska. Indeed, Anderson (2007) , in a recent review, points out that temperature is a major limiting factor in chemical weathering in cold climates, such as those areas close to active glaciers. Mean annual temperature in Fairbanks is 23.0 uC for the period 1971-2000 (http://climate.gi.alaska.edu/Climate/Location/ Interior/Fairbanks.html). Much of the year, temperatures are well below freezing. This means that liquid water, a prerequisite for significant mineral alteration by chemical processes, is not available for long periods. Precipitation in the region is low (,200-300 mm yr 21 ), and potential evapotranspiration (as calculated strictly from temperature and day length) exceeds precipitation. Nevertheless, a positive moisture balance is a prerequisite for significant chemical weathering. As pointed out by Guthrie (1990) , however, this potential negative water balance is often countered in central Alaska by minimal downward percolation, due to shallow permafrost, and minimal evaporation, due to forest cover, a relatively long-lasting snow cover, and a thick soil O horizon cover. Nevertheless, shallow permafrost in many parts of central Alaska may also inhibit chemical weathering in all but the uppermost soil horizons that constitute the active layer. Finally, the rate of organic matter decomposition is low, thus minimizing the release of organic acids that could aid in mineral alteration.
Other factors in subarctic Alaska favor chemical weathering. Anderson (2007) presents a major review of the relations between chemical weathering and glacial landscapes. She points out that although temperature is a limiting factor for chemical weathering in areas immediately adjacent to active glaciers, distal zones, characterized by outwash and loess, generally have higher temperatures and are therefore more favorable for chemical weathering. Furthermore, loess is largely a product of glacial grinding in Alaska. Anderson (2007) emphasizes that glacial grinding produces very fine particle sizes and that this process can be thought of as a generator of mineral surface area. Loess, as a Arctic, Antarctic, and Alpine Research, Vol. 40, No. 2, 2008, pp. 396-411 glaciogenic sediment, has a greater surface area than its source rocks and is thus much more reactive chemically.
Several recent studies illustrate the uncertainties about the nature and degree of chemical weathering in loess-derived paleosols of Alaska and adjacent Yukon Territory. For example, at the Gold Hill loess section (Fig. 2) near Fairbanks (Begét, 1990; Preece et al., 1999; Muhs et al., 2003a) , Vlag et al. (1999) studied loess and paleosols. They reported that mobile elements such as Ca, Mg, Na, and K show only minor variations as a function of depth in the loess-paleosol sequence and interpreted these data to indicate that leaching has not been a significant process. In contrast, Liu et al. (1999) , studying the properties of magnetic minerals at the Halfway House loess section (Fig. 2) , west of Fairbanks Preece et al., 1999; Muhs et al., 2003a) , reported that alteration of magnetic minerals in paleosols has been significant. However, Liu et al. (1999) suggested that waterlogging, rather than leaching under well-drained conditions, has been the predominant environmental control on soil formation. Begét (2001) reported that there are chemical weathering pits on the surfaces of Fe-Ti oxide minerals and feldspars, suggesting significant chemical weathering in loessderived soils. In contrast, Lagroix and Banerjee (2002) felt that rates of pedogenesis overall were minimal in Alaskan loess sequences. Hö fle and Ping (1996) reported little or no chemical weathering in last-glacial, loess-derived paleosols on the Seward Peninsula of Alaska, as did Sanborn et al. (2006) for paleosols of similar age in Yukon Territory. Guthrie (1990 Guthrie ( , 2001 ) stated that Pleistocene soils in Alaska were more basic (alkaline) than modern boreal forest and tundra soils, and therefore formed under a grassland cover, in a more arid climate. Although not stated explicitly, it is likely that Guthrie (1990 Guthrie ( , 2001 ) was referring here to soils that may have formed during the last glacial period, rather than during past interglacials or interstadials.
Too few data exist to ascertain whether central Alaskan, loess-derived paleosols have experienced significant alterations of primary minerals and under what climatic and vegetation conditions. The purpose of the present study is to help fill this gap. Five loess sections in the Fairbanks area (Figs. 1, 2) were studied in detail by Muhs et al. (2001a Muhs et al. ( , 2003a . These studies reported loess stratigraphy, criteria for the recognition of paleosols, tephra chronological information, and radiocarbon and 10 Be age estimates of loess and paleosols. In this paper, we present major element geochemistry and mineralogy of these loess sections and assess the degree of chemical weathering.
Methods
Mineralogy of selected loesses from all five sections was determined on pulverized bulk samples using X-ray diffraction (XRD) methods (Moore and Reynolds, 1989) . In addition, mineralogy of two complete sections, Gold Hill and Halfway House, was determined by bulk XRD using a slow scanning speed in order to assess relative abundances of quartz, K-feldspar, and plagioclase more effectively. Clay mineralogy was determined by XRD on oriented samples after four treatments: air-dry, ethylene glycol-solvated, air-dry-K-saturated, and heat treatment (550 uC for one hour).
Previous studies (Birkeland, 1999; Muhs et al., 2001b) have shown that ratios of mobile elements (Na, K, Ca, Mg, Si) to immobile elements (Ti, Zr) provide useful proxies for the degree of chemical weathering of detrital loess minerals. Major element concentrations of unaltered loess and paleosols were determined by wavelength-dispersive X-ray fluorescence on pulverized samples. Zirconium concentrations were determined by either energydispersive or wavelength-dispersive X-ray fluorescence, except for river silts. For river silts, both Ca and Zr abundances were determined by instrumental neutron activation analysis (Budahn and Wandless, 2002) . These data are reported in Muhs and Budahn (2006) , but are used here to compare with loess and paleosol data. Estimates of calcium carbonate content were made following gas evolution after dissolution with HCl.
We present six new radiocarbon ages from two of the sections studied (Table 1) . At Eva Creek (Fig. 3) , plant macrofossils that appear to be grass or sedge-derived rosettes were analyzed. Deeper in the same section, humic acids were extracted from two paleosols for radiocarbon analyses. Extraction methods for the samples from Eva Creek follow Abbott and Stafford (1996) . At Halfway House (Fig. 4) , we found charcoal in the three uppermost paleosols. Muhs et al. (2003a) previously reported humic-acid radiocarbon ages from these paleosols, but new accelerator mass spectrometric (AMS) radiocarbon ages of the charcoal samples are reported here. The cleaning, extraction, and graphitization methods for charcoal at Halfway House follow those outlined in McGeehin et al. (2001) . For all samples, concentrations of 14 C were measured by accelerator mass spectrometry at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National Laboratory. Approximate calibrated (''calendar year'') age estimates are given for radiocarbon ages in the figures and text, calculated from conversion data given in Fairbanks et al. (2005) .
Landscape Position, Stratigraphy, Ages, and Correlation
The Halfway House, Birch Hill, and Chena Hot Springs Road sections are all found in what Péwé et al. (1966) mapped as upland loess (Fig. 2 ). We agree with this mapping and interpret the sediments in these sections to be composed largely of direct, air-fall-derived loess. The Gold Hill and Eva Creek sections are situated within what is probably a transitional facies between upland loess and what Péwé et al. (1966) mapped as valley-bottom silts, composed of both direct, air-fall loess and reworked loess (Fig. 2) . Thus, some of the sediments in the latter two sections could be loess that has been reworked from adjacent hillslopes.
Details of most of the loess stratigraphy and paleosol characteristics for the five sections studied are given in Muhs et al. (2001a Muhs et al. ( , 2003a , but are summarized here. What are interpreted to be buried soils in Fairbanks-area loess can be identified on the basis of soil morphology, particularly soil colors. Unaltered loess in central Alaska typically has light brownish gray (2.5Y 6/2), light yellowish brown (2.5Y 6/3), or grayish brown (2.5Y 5/2) colors. Soil O or A horizons generally have 10YR or 7.5YR hues and almost always have much lower values and chromas that distinguish them from unaltered loess. Soil B horizons, where they occur, also have 10YR or 7.5YR hues with chromas that are much higher than unaltered loess. Organic matter contents are generally higher in paleosols. In all but the lowermost (and therefore oldest) parts of the Gold Hill and Birch Hill sections, units identified as paleosols have higher organic matter contents relative to superjacent and subjacent loess (Muhs et al., 2003a) .
It is important to note that most paleosols in Fairbanks-area loess do not retain clear, horizontal boundaries between soil horizons. Cryoturbation processes, such as solifluction and frost FIGURE 2. Map showing the surficial geology of the Fairbanks area and locations of sites where stratigraphic studies were conducted. Geology from Péwé et al. (1966) . HH, Halfway House; EC, Eva Creek; GH, Gold Hill; BH, Birch Hill; CH, Chena Hot Springs Road. 
EVA CREEK
Eva Creek is a small, first-order stream west of Fairbanks (Figs. 2, 3) . Here, and on all figures related to it, we refer to this section as ''Eva Creek (lower)'' or simply ''Eva Creek,'' to distinguish it from another section, farther up-valley, studied by McGeehin et al. (2001) . Eva Creek (lower) has been studied by Péwé et al. (1997) , Preece et al. (1999) , and Muhs et al. (2001a) . FIGURE 3. Loess stratigraphy, radiocarbon ages, and possible correlations at the Eva Creek (lower) section. Stratigraphy of the section from 1900 to 2200 cm is generalized from Muhs et al. (2001a) . Gray shades mark paleosols. Fission-track age estimate for the Old Crow tephra is from Westgate et al. (1990) . Black-filled circles are approximate calibrated radiocarbon ages of charcoal or macrofossils; gray-filled circles are approximate calibrated radiocarbon ages of humic acid extractions from paleosols (see text for discussion). Also shown are plots of Na 2 O/TiO 2 , and SiO 2 /TiO 2 , CaO/TiO 2 , and MgO/TiO 2 in the section. (Muhs et al., 2003a) at the Halfway House section; fissiontrack age estimate for the Old Crow tephra is from Westgate et al. (1990) . Open circles are 10 Be age estimates; black-filled circles are new radiocarbon ages of charcoal (see text for discussion). Also shown are plots of Na 2 O/TiO 2 , plagioclase/quartz, SiO 2 /TiO 2 , CaO/TiO 2 , and CaCO 3 in the section. Gray shades mark paleosols.
The lower part of the section, at ,2200-2300 m depth, is gray loess that contains the Sheep Creek tephra. Based on thermoluminescence (TL) ages of bracketing loess, the Sheep Creek tephra was estimated to be about 210,000-170,000 yr old, although there are some stratigraphic inconsistencies with TL ages at one locality where it was studied (Berger et al., 1996) and the calculated age is beyond the TL age limit that is accepted by most luminescence geochronologists. The Old Crow tephra is found above the Sheep Creek tephra, and was dated by fission-track and TL methods to about 160,000-120,000 yr B.P. (Westgate et al., 1990; Berger and Péwé, 2001; Berger, 2003) . Based on the stratigraphy at Eva Creek (lower) given in Muhs et al. (2001a) , the Old Crow tephra is not continuous, but occurs in what is interpreted to be an ice-wedge cast that probably predates the last interglacial period and within cryoturbated parts of what is interpreted to be a last-interglacial paleosol complex. The last interglacial paleosol complex is found stratigraphically just below the Dome tephra (Muhs et al., 2001a) . At another section, Chena Hot Springs Road, charcoal found in close association with the Dome tephra gave a radiocarbon age of .55,900 yr (Muhs et al., 2003a) . Above the Dome tephra at Eva Creek there is a complex of at least three paleosols developed in loess or reworked loess up to a depth of ,1600 cm. At the time of our studies, the section was covered above this zone to a depth of ,1100 cm. Slightly more than 100 cm of section is exposed to just above ,1000 cm; humic acids from a paleosol at two depths in the upper part of this segment of section gave calibrated radiocarbon ages of ,41,000 yr ( Table 1 ). The section is again covered above ,900 cm depth, but is exposed in the upper 400 cm. The modern soil is developed in the top part of the upper 400 cm of loess. What we interpret to be rosettes from either grass or sedge were found at a depth of 310 cm and gave a calibrated radiocarbon age of ,25,000 yr (Table 1) .
HALFWAY HOUSE
The Halfway House section is not as thick as Eva Creek and the oldest loesses and paleosols, between ,900 and ,1100 cm depth, are thin and undated (Fig. 4) . The Old Crow tephra is found between ,800 and 900 cm depth. Above the Old Crow tephra, between ,600 and ,650 cm depth, there is a wellexpressed, but thin paleosol that may date to some part of the last interglacial complex. We report here a new AMS radiocarbon age for charcoal from this paleosol that is .49,900 14 C yr B.P. (Table 1) . At ,500 cm depth, the loess overlying this paleosol contains the Halfway House tephra, which is undated. Above this tephra are two paleosols, at ,400 cm depth. Muhs et al. (2003a) reported humic acid radiocarbon ages for these paleosols, interpreted as minimum ages. We report here two new AMS radiocarbon ages of charcoal from these soils that are significantly older. Charcoal in the lower of the two paleosols has an apparently finite age of 47,200 6 1500 14 C yr B.P. (Table 1) . However, we interpret this as a minimum age because it is near the limit of the method. Furthermore, charcoal from the paleosol above it gave an age of .50,300 14 C yr B.P. Hence, on stratigraphic and radiocarbon grounds, we regard all three paleosols, the one between ,600 and 650 cm, and the two at ,400 cm, as greater than ,50,000 14 C yr B.P. The upper two paleosols at Halfway House are overlain by loess that hosts the modern soil complex. This loess has a 10 Be age estimate of ,17,000 yr at its base and ,8000 yr in its upper part, at the base of the modern soil. Berger (2003) reports a TL age of ,11,000 yr for loess below the modern soil at Halfway House, which is in broad agreement with the 10 Be age estimates. However, if the 10 Be age estimate of ,17,000 yr at the base of the uppermost loess at ,400 cm is correct, then the radiocarbon age of .50,300 14 C yr B.P. (WW-5445) for charcoal in the subjacent paleosol indicates that a significant unconformity exists at this depth in the Halfway House section.
GOLD HILL
The Gold Hill locality has the oldest loesses of which we are aware in the Fairbanks area. Based on the presence of the PH tephra between 1700 and 1800 cm depth, above a major paleosol complex, the second-oldest loess in the portion of the Gold Hill section we studied could be almost 600,000 yr old (Fig. 5 ). An unnamed and undated tephra occurs within the loess above this, between 1000 and 1100 cm depth. Between 770 and 670 cm depth, there is a well-expressed paleosol complex, and the Dome tephra is found in the uppermost part of this complex. Because of this stratigraphic position, we correlate this paleosol complex with the last interglacial paleosol at Eva Creek. Between ,200 and ,300 cm depth, there is a complex of four paleosols with humic acid radiocarbon ages ranging from ,39,020 6 1420 14 C yr B.P.
(lowermost) to 33,280 6 680 14 C yr B.P. (uppermost). These correspond to calibrated ages of ,44,000 and ,36,000 yr B.P., respectively. Nevertheless, based on the differences at Halfway House between humic acid (Muhs et al., 2003a) and charcoal (this study) radiocarbon ages, the paleosol complex between ,200 cm and ,300 cm depth at Gold Hill could very well be .50,000 yr B.P. Loess in the uppermost ,200 cm of the section has 10 Be age estimates of ,13,000 yr at its base and ,8000 yr in its uppermost part, just below the modern soil. These age estimates are in broad agreement with the 10 Be ages of the uppermost loess at Halfway House.
CHENA HOT SPRINGS ROAD
The Chena Hot Springs Road locality (Fig. 6 ) is located just east of Fairbanks (Fig. 2) . At this section, the lowermost loess, from a depth of ,750 to ,1150 cm, contains no dateable material that we could find. The Dome tephra, however, is found between ,700 and ,750 cm and is older than 55,900 14 C yr B.P., based on charcoal found near it (Muhs et al., 2003a) . This tephra is overlain by three paleosols developed in thin loess between ,600 and ,700 cm, the uppermost of which has a humic acid radiocarbon age of 37,050 6 390 14 C yr B.P. (,42,000 cal yr B.P.). This is almost certainly a minimum estimate, because nearly the same age was obtained for humic acids in the lower of two paleosols found between depths of ,200 and ,300 cm. Two more paleosols are found between ,100 and ,200 cm depth, with humic acid ages of ,30,000 14 C yr B.P. (,35,000 cal yr B.P.). Finally, loess-hosted charcoal, just below the modern soil in the exposure on the south side of the road, gave a radiocarbon age of 8250 6 30 14 C yr B.P. (,9200 cal yr B.P.), in broad agreement with the 10 Be age estimates of ,8000 yr below the modern soils at Gold Hill and Halfway House.
BIRCH HILL
We could find little dateable material at any depth at the Birch Hill section (Fig. 7) , a locality also found just east of Fairbanks ( Fig. 2) . Charcoal in the lowest of three paleosols, at a depth of ,380 cm, gave a radiocarbon age of 41,600 6 1200 14 C yr B.P., corresponding to a calibrated age of ,46,000 yr B.P. Humic acids from the uppermost of these three paleosols gave an age of 27,580 6 220 14 C yr B.P. (Muhs et al., 2003a ), corresponding to a calibrated age of ,33,000 yr B.P.
Mineralogy
The bulk mineralogy of central Alaskan loess is similar to loesses found elsewhere. Minerals identified by XRD in the present study include quartz, mica, chlorite, plagioclase, and small amounts of K-feldspar. A few samples from the Gold Hill and Halfway House sections have calcite, which we discuss in more detail below. Mica, which appears to be mostly muscovite, is abundant in central Alaskan loess and is easily visible under magnification or even in hand samples. Although central Alaskan loess has both K-feldspar and plagioclase, plagioclase is by far the more abundant of the two minerals. XRD patterns, particularly the peak at around 29.7u2h (Moore and Reynolds, 1989) indicate that plagioclase has a dominantly sodic, rather than calcic composition. The relative abundance of quartz, plagioclase, and K-feldspar in central Alaskan loess is, overall, very similar to that found in midcontinental North American loesses. A major difference between Alaskan loess and midcontinental loesses is that the latter have much higher abundances of carbonate minerals (calcite and dolomite).
CHEMICAL WEATHERING
If chemical weathering has been important in soils derived from central Alaskan loess, the minerals most prone to alteration should be feldspars, micas, clay minerals, and carbonates. Major elements in these minerals will be lost as chemical weathering proceeds, but to ascertain such loss, mobile elements must be indexed to an element that is unlikely to experience loss in FIGURE 5. Loess stratigraphy, radiocarbon ages, selected 10 Be age estimates, and possible correlations (Muhs et al., 2003a) at the Gold Hill section; fission-track age estimate for the PH tephra is from Westgate et al. (1990) . Open circles are 10 Be age estimates, gray-filled circles are radiocarbon ages of humic acid extractions, black-filled circle is radiocarbon age of charcoal. Also shown are plots of Na 2 O/TiO 2 , plagioclase/ quartz, SiO 2 /TiO 2 , CaO/TiO 2 , and CaCO 3 in the section. Gray shades mark paleosols. FIGURE 6. Loess stratigraphy, radiocarbon ages, and possible correlations (Muhs et al., 2003a) at the Chena Hot Springs Road section. Gray-filled circles are radiocarbon ages of humic acid extractions, black-filled circles are radiocarbon ages of charcoal. Also shown are plots of Na 2 O/TiO 2 , SiO 2 /TiO 2 , and CaO/TiO 2 in the section. Gray shades mark paleosols.
solution. Because of their relative immobility under most nearsurface conditions, Ti and Zr (usually expressed as TiO 2 and ZrO 2 ) are useful as stable index elements (Birkeland, 1999; Muhs et al., 2001b) . Sodic plagioclase, or albite (NaAlSi 3 O 8 ) is the main carrier of Na 2 O unless there are significant amounts of hornblende present. Thus, a geochemical proxy for the degree of sodic plagioclase alteration is Na 2 O/TiO 2 (see Muhs et al., 2001b , for examples from loess-derived soils elsewhere). Alteration of either mica or K-feldspar results in loss of K, which can be measured by K 2 O/TiO 2 . Because plagioclase, K-feldspar, and mica are all silicates, alteration of these minerals by hydrolysis results in production of soluble silicic acid and ultimately loss of SiO 2 . Therefore, lower ratios of Na 2 O/TiO 2 and K 2 O/TiO 2 , if they reflect plagioclase, mica, or K-feldspar losses, should be accompanied by lower values of SiO 2 /TiO 2 . Weathering of aluminosilicate clay minerals such as smectite, chlorite, and clay-sized mica should also be reflected in lower SiO 2 /TiO 2 values. If loess deposits originally contained carbonates, loss of these minerals is reflected in lower CaO/TiO 2 and MgO/TiO 2 values.
Loess in the Fairbanks area shows a fair amount of compositional variability, based on Ti/Zr ratios and comparisons with midcontinental loess (Muhs et al., 2003a) . More detailed studies by Muhs and Budahn (2006) showed that loess in the Fairbanks area is not derived solely from the nearby Tanana River, but also from the Yukon River to the north and, to a lesser extent, the Nenana River to the south. Thus, it is likely that at any given locality, initial composition of the loess around Fairbanks was a temporally varying function of the relative inputs of different river sediments. We consider that the subjacent loess is the best approximation of initial composition for any given paleosol. Nevertheless, even this simple assumption needs to be qualified, because Begét (1996) and Muhs et al. (2003a) presented evidence showing that periods of soil formation in central Alaska are accompanied by continued, lower-flux-rate loess deposition.
SILICATE MINERAL DEPLETION
Geochemical data indicate that modern soils and many paleosols in Fairbanks-area loesses have experienced measurable degrees of plagioclase loss. At Halfway House, we estimated ratios of bulk-sample plagioclase to quartz (P/Q), using XRD peak intensity. Quartz here is used as a stable index mineral. Results indicate generally lower P/Q values in the modern, and hypothesized early-to-mid-Wisconsin and last-interglacial paleosols compared to the subjacent loess (Fig. 4) . Geochemical data show fair agreement with the mineralogical data. Na 2 O/TiO 2 in loess is generally between about 2.2 and 2.8. However, the modern soil shows considerably lower Na 2 O/TiO 2 compared to the subjacent loess, as do the hypothesized early-to-mid-Wisconsin and last-interglacial paleosols. The hypothesized last-interglacial paleosol has the lowest Na 2 O/TiO 2 of the entire section, and values increase only gradually with greater depth. This observation suggests relatively low rates of loess deposition or, less likely, mixing of a once-thicker paleosol with underlying loess. The thin, minimally developed paleosols below ,900 cm depth do not show much evidence of Na loss by comparison with the younger paleosols.
At Eva Creek, the last interglacial paleosol, the hypothesized early-to-mid-Wisconsin paleosols, and the modern soil have lower Na 2 O/TiO 2 than subjacent loess, indicating plagioclase loss (Fig. 3) . Muhs et al. (2001a) made a similar interpretation for the last interglacial paleosol at Eva Creek (lower) and a different modern soil at the Eva Creek (upper) site. However, the new data presented here for the early-to-mid-Wisconsin paleosols and the modern soil at Eva Creek (lower) indicate plagioclase loss in these soils as well.
At both the Eva Creek and Halfway House sections, SiO 2 / TiO 2 values track Na 2 O/TiO 2 fairly closely (Figs. 3 and 4) . At both sections, the lowest values of SiO 2 /TiO 2 are in the modern soil and hypothesized early-to-mid-Wisconsin and last-interglacial paleosols. We interpret loss of both Na and Si relative to Ti in these soils as complementary evidence of plagioclase depletion. There are two exceptions to this trend at depth in the Halfway House section, however. Just above the Old Crow tephra, higher SiO 2 /TiO 2 may reflect some mixing with glass in the subjacent tephra. A higher SiO 2 /TiO 2 value in the paleosol at ,1050 cm may be the result of mixing with the underlying schist. At Halfway House, K 2 O/TiO 2 (not shown in Fig. 4 ) does not exhibit a systematic pattern of depletion in paleosols compared to subjacent loesses, suggesting little or no loss of K-bearing minerals such as mica or K-feldspar.
The Gold Hill section has the longest and perhaps one of the most complete records of loess fall, soil formation, and chemical weathering yet discovered in central Alaska (Fig. 5) . As at FIGURE 7. Loess stratigraphy, radiocarbon ages, and possible correlations (Muhs et al., 2003a) at the Birch Hill section. Grayfilled circle is radiocarbon age of a humic acid extraction, blackfilled circle is a radiocarbon age of charcoal. Also shown are plots of Na 2 O/TiO 2 , SiO 2 /TiO 2 , and CaO/TiO 2 in the section. Gray shades mark paleosols.
Halfway Fig. 5 ) exhibits a pattern of enrichment in surface soil horizons and depletions in lower soil horizons, compared to subjacent loesses, with the exception of the paleosol complex between ,200 and ,300 cm. We suspect that although some overall K loss (from mica?) has taken place in all soils, some K has been retained in surface horizons, perhaps due to biocycling.
At the Chena Hot Springs Road section, Na 2 O/TiO 2 in all paleosols is lower than in subjacent loesses (Fig. 6) . Most unaltered loesses have Na 2 O/TiO 2 around 2.5 and some range up to 3. In contrast, paleosols have Na 2 O/TiO 2 that are always less than 2.5 and several soils (the modern soil, the lowest part of the hypothesized mid-Wisconsin paleosol complex, and the paleosols at ,650 and ,950 cm) have values of only ,2.0. The same four paleosols have the lowest SiO 2 /TiO 2 compared to the subjacent loess. K 2 O/TiO 2 at Chena Hot Springs Road (not shown) shows a pattern similar to that at Gold Hill, with paleosols exhibiting some depletion in their lower parts and some enrichment in their upper parts.
The Birch Hill section shows a pattern of probable plagioclase loss similar to the Chena Hot Springs Road section, although, overall, Na 2 O/TiO 2 is lower in both loesses and paleosols compared to the other loess sections (Fig. 7) . Unaltered loess at Birch Hill has values generally between 2.2 and 2.5, but the modern soil and all three paleosols have values between 1.6 and 1.9. As with the other sections, the depth variations for Na 2 O/TiO 2 are paralleled by those for SiO 2 /TiO 2 . K 2 O/TiO 2 at Birch Hill (not shown) exhibits a pattern similar to those at Gold Hill and Chena Hot Springs Road. The upper parts of paleosols have relatively high values, usually as high as the underlying loess, but lower paleosol horizons (or the very upper parts of the loess) show depletions relative to deeper, unaltered loess.
CARBONATE MINERAL DEPLETION
Fairbanks-area loesses do not contain high amounts of carbonate minerals (Péwé, 1975) . This is confirmed by recent chemical analyses showing low abundances of CaO and MgO compared to glaciogenic loess from some North American midcontinent localities, such as Illinois (Muhs et al., 2003a) . However, CaO and MgO contents of central Alaska loess are as high or higher as non-glaciogenic loess from other midcontinent localities, such as eastern Nebraska.
Nevertheless, measurements of CaCO 3 abundance at the Halfway House and Gold Hill loess sections show that small but detectable amounts of carbonate are present (Figs. 4 and 5) . CaCO 3 content is rarely over 3%, and most samples are less than 2%. Because the estimates of CaCO 3 content for these samples are based on gas evolution over only ,5 minutes, it is likely that dolomite, if present, would not be detected; thus, these are essentially measures of calcite content. Values of CaO/TiO 2 track CaCO 3 abundances fairly closely at Halfway House and Gold Hill (Figs. 4 and 5) . Both Mg and Sr, elements that substitute for Ca, parallel the carbonate curves (e.g., Eva Creek, Fig. 3 ). Thus, we consider CaO/TiO 2 to be a reasonable proxy for carbonate abundance. (Figs. 4 and 5) . At Halfway House, in general, paleosols have lower CaCO 3 and CaO/ TiO 2 than subjacent loesses. Nevertheless, higher values are found in the middle of the modern soil complex and in the upper part of the early-to-mid-Wisconsin paleosol complex. At Gold Hill, some of the highest values are found in the upper part of the modern soil (perhaps from biocycling of calcium), the lowermost part of the early-to-mid-Wisconsin paleosol complex, and the loess in which the latter soil is developed. In the lowermost part of this paleosol complex, secondary calcite is visible in the field as faint, white coatings on ped faces.
Abundance of carbonates
For the other three loess sections, we use CaO/TiO 2 as a proxy for carbonate content. At Eva Creek, values are generally lower in the modern soil and the hypothesized early-to-midWisconsin paleosols compared to subjacent loess (Fig. 3) . We note, however, that the modern soil has higher CaO/TiO 2 in the O horizon, again possibly due to biocycling. In contrast, both the loess above and to a lesser extent the loess below the lastinterglacial paleosol have CaO/TiO 2 and MgO/TiO 2 that are not much different from the paleosol itself, and all values are lower than in the loess below the modern soil. At Chena Hot Springs Road and Birch Hill, high CaO/TiO 2 is also found in the modern soil O horizons (Figs. 6 and 7). In the paleosols at both of these sections, CaO/TiO 2 values are generally lower than in the subjacent loesses, but differences are not always dramatic.
It is likely that central Alaskan loess was originally moderately-to-highly calcareous. Muhs and Budahn (2006) estimated that Fairbanks-area loesses of late Quaternary age are derived from river sources as follows: 62-43% Tanana River silt, 36-20% Yukon River silt, and 21-12% Nenana River silt. Eberl (2004) reported that Yukon River sediments have ,10% carbonate and Tanana River sediments have ,3% carbonate. The carbonate includes calcite and dolomite in sediment from both rivers. The relative difference in sediment carbonate content between the two rivers agrees well with our own observations. Reactions of river sediment to dilute HCl in the field show that modern Tanana River sediments are strongly effervescent, and Yukon River sediments are strongly to violently effervescent. The geochemical analyses of Muhs and Budahn (2006) for river sediments do not include TiO 2 , but do include CaO and ZrO 2 . Zirconium, as with titanium, can be used as an immobile index element. We determined CaO/ZrO 2 for the five loess sections studied here, in order to compare them with the river sediment sources.
CaO/ZrO 2 values show that even what we have described as ''unaltered'' loess in the field has considerable carbonate depletion, compared to the silt fractions (53-2 mm) of the river source sediments (Fig. 8) . Almost all of the loess units and paleosols at Chena Hot Springs Road and Birch Hill have CaO/ ZrO 2 lower than the lowest values of both Tanana River and Yukon River loess. Only the loess immediately below the hypothesized mid-Wisconsin paleosol complex at Birch Hill has somewhat higher values that fall within the range of both river silts. At Gold Hill, most of the loess samples have CaO/ZrO 2 lower than both river silts, again with the exception of the lower part of the hypothesized early-to-mid-Wisconsin paleosol complex and the loess just below it. At Eva Creek, the uppermost loesses (from the surface to 400 cm and around 1000 cm) have CaO/ZrO 2 that fall within the range of Tanana River silts, but the lowermost loesses (below ,1900 cm) have values that are mostly lower than the river silts. The hypothesized early-to-mid-Wisconsin paleosolloess complex at Eva Creek, at ,1000 to 1100 cm, has relatively high CaO/ZrO 2 , similar to Gold Hill. At Halfway House, CaO/ ZrO 2 within ''unaltered'' loess shows three ranges of values corresponding to depth intervals of ,100-350 cm, ,460-600 cm, and ,650-900 cm. The upper two depth intervals have CaO/ZrO 2 that fall within the range of Tanana River silts and the lower part of the range of Yukon River silts. The lowest depth interval, however, has CaO/ZrO 2 that is mostly below the range of both groups of river sediments. An exception to this generalization is that the uppermost part of the upper depth interval, just below the modern soil, has relatively high CaO/ZrO 2 , well within the range of Yukon River silts and actually higher than the range of Tanana River silts. Also, parts of the mid-Wisconsin paleosol complex and the loess just above it have high CaO/ZrO 2 . XRD analyses indicate that calcite is present in this zone (Fig. 4) .
CLAY MINERAL DEPLETION
For identification of clay minerals, we follow guidelines in Moore and Reynolds (1989) . Mica has characteristic peaks at 10.1Å and 5Å , which are unaffected by ethylene glycol solvation and heat treatment. Chlorite has peaks at 14.2Å (001), 7.1 Å (002), 4.7Å (003), and 3.55Å (004), in both air-dry and glycolated states. Kaolinite has peaks at 7.1Å (001) and 3.55Å (002). Heat treatment causes the chlorite (002), (003), and (004) peaks and both kaolinite peaks to disappear or diminish greatly, whereas the (001) chlorite peak increases in intensity. When air-dry or glycolated, (001) and (003) chlorite peaks in central Alaskan loess are less intense than (002) and (004) peaks, suggesting that the chlorite is Fe-rich (in contrast to an erroneous statement to the opposite by Muhs et al., 2003a Muhs et al., , p. 1955 .
In order to assess the degree of weathering of clay minerals in central Alaskan loess and paleosols, we first determined the clay mineralogy of Tanana and Yukon River sediments, the primary sources of loess. Both rivers at all localities have a similar suite of clay-sized minerals, consisting of phyllosilicates (smectite, chlorite, mica, and kaolinite) and primary rock-forming minerals (quartz, plagioclase, and possibly K-feldspar) (Fig. 9 ). Of these, chlorite and mica appear to be the most abundant species. Nevertheless, all samples have prominent smectite peaks that are symmetrical when glycolated, centering on 17Å . Overall, the clay mineral suite we observe for both rivers is similar to that reported by Eberl (2004) .
Modern soils in the Fairbanks area have different clay mineral suites, both from locality to locality and in different horizons of the same soil. At Birch Hill, the C horizon has a clay mineralogy pattern that looks much like Tanana and Yukon River sediments, with smectite, chlorite, mica, kaolinite, quartz, and plagioclase all present (Fig. 10) . Moving upward through this profile, however, the mica, chlorite/kaolinite, and plagioclase peaks are more subdued, suggesting depletion of these minerals at shallower depths. Smectite peak heights are also diminished with shallower depths until the Bw1 and E horizons are reached, where peaks become prominent again. At Chena Hot Springs Road, mica and chlorite/kaolinite have prominent peaks in the C FIGURE 8. Plots of CaO/ZrO 2 for the Halfway House, Eva Creek, Gold Hill, Chena Hot Springs Road, and Birch Hill loess sections; hachures represent modern soils and paleosols. Dashed gray lines correlate parts of sections where tephras are found (DT, Dome tephra; OCT, Old Crow tephra; SCT, Sheep Creek tephra). Also shown are ranges of the loess source sediments (silt fractions of the Tanana River, Yukon River, and Nenana River; data from Muhs and Budahn, 2006) . horizon; these peaks diminish in height in the shallower Bw2 and Bw1 horizons, but become prominent again in the still-shallower E and O horizons (Fig. 10) . In this profile, smectite is absent, except for a very small peak in the E horizon. The modern soil at Halfway House has more subdued mica and chlorite/kaolinite peaks in the B horizon compared to the C horizon, and lacks smectite altogether, even in the C horizon (Fig. 11) . Smectite is also lacking in the A, upper B, and lower B horizons of the modern soil at Gold Hill (Fig. 12) .
Paleosols at Halfway House and Gold Hill show clay mineral suites similar to the modern soils at these localities, with one difference (Figs. 11 and 12 ). Mica and chlorite/kaolinite peaks are present in all horizons, which is similar to the modern soils at these localities. However, the (001) chlorite peak is missing in the lastinterglacial and pre-last-interglacial paleosols at both localities, and is very subdued in the early-to-mid-Wisconsin paleosols. Furthermore, where smectite is present (the last-interglacial and pre-last-interglacial paleosols at Gold Hill and the early-to-midWisconsin paleosol at Halfway House), it has a fairly broad (001) plateau rather than a sharp, symmetrical peak at 17Å . This plateau is steep on its high-angle side and has a more gradual rise on its low-angle side. We interpret this observation to indicate that much of the smectite is poorly crystallized, highly altered, or has a random interstratification with other clay minerals.
A comparison of clay minerals in the loess and paleosols with those in the river sediments suggests that depletion of some clay minerals has probably taken place after loess deposition. The most obvious difference is that relatively pure smectite is present in all river sediments, but is absent in all loess and paleosol samples studied. The hypothesized early-to-mid-Wisconsin paleosol at Halfway House and the possible last-interglacial and pre-last-interglacial paleosols at Gold Hill have some evidence of randomly interstratified clay minerals with a smectite component. However, relatively pure smectite is lacking in all soils, paleosols, and loesses studied. Another difference we note is that chlorite (001) peaks at 14.2Å are prominent in all river samples, but are absent or very subdued in all loesses and paleosols, suggesting some chlorite depletion after loess deposition. Finally, mica seems to show depletion in B horizons compared to C horizons in some soils and paleosols.
Discussion

PRESENT AND PAST VEGETATION IN ALASKA BASED ON POLLEN AND MACROFOSSIL EVIDENCE
Modern vegetation communities in Alaska are coastal forest, boreal forest, and several varieties of tundra, including herb tundra and shrub tundra (Ager and Brubaker, 1985; Edwards et al., 2000) . Coastal forest is limited to southern and southeastern Alaska, whereas boreal forest is found in the interior of the region. Tundra is found in western Alaska, in northern Alaska (north of the Brooks Range), and at high elevations in mountain ranges that host forest at lower elevations. Although small areas of steppe vegetation can be found in parts of southwestern Yukon Territory (e.g., Laxton et al., 1996; Vetter, 2000) , in Alaska they are rare and highly localized, and occur only in favorable microenvironments, such as steep, south-facing slopes with well-drained, silty-to-sandy soils (Edwards and Armbruster, 1989) . Geologic records of past vegetation with at least some age control exist for the last interglacial period, the mid-Wisconsin interstadial period or periods, the last (late Wisconsin) glacial period, and the Holocene. A climate and biome model simulated a grassland in interior Alaska and Yukon Territory for the last interglacial period, ,125,000 yr B.P. (Harrison et al., 1995) . However, field studies indicate that the last interglacial period in much of central Alaska and Yukon was characterized by boreal forest with Picea and Betula, based on both pollen and plant macrofossil data (Péwé et al., 1997; Muhs et al., 2001a; Edwards et al., 2003) . During the mid-Wisconsin interstadial period, pollen and macrofossil records suggest a succession (and perhaps a mosaic) of shrub tundra (,43,000 to ,39,000-38,000 yr B.P.), herb tundra (,39,000-38,000 to ,35,000 yr B.P.), Picea foresttundra (,35,000 to ,30,000 yr B.P.), and herb tundra (,30,000 to ,25,000 yr B.P.) in interior Alaska (Anderson and Lozhkin, 2001) .
There are different interpretations of vegetation in Alaska and Yukon Territory during the late Wisconsin glacial period. Although grass concentrations are relatively high in last-glacial pollen records in Alaska, herb tundra is thought to have been the dominant vegetation type (Ager and Brubaker, 1985; Anderson and Brubaker, 1994; Edwards et al., 2000; Bigelow and Edwards, 2001) . These same summaries show that shrub tundra followed herb tundra in the late glacial period, with Picea forest arriving in the Holocene. Full-glacial biotic records with plant macrofossils are rare in Alaska and Yukon Territory, but some that exist indicate that there could have been at least isolated patches of steppe vegetation or steppe-tundra. Goetcheus and Birks (2001) described one such record from the Seward Peninsula as an environment of closed, dry, herb-rich tundra-grassland, dominated by grass, sedges, Kobresia, occasional Salix, and a moss cover. Studies of plant macrofossils by Sanborn et al. (2006) and Zazula et al. (2005 Zazula et al. ( , 2006 Zazula et al. ( , 2007 indicate that steppe or steppe-tundra existed during last-glacial time at several localities in western Yukon Territory.
VEGETATION CONTROL ON SOIL PH, MICROCLIMATE, AND MINERAL WEATHERING
Acid conditions (soil pH values below 7.0) are a prerequisite for significant chemical weathering in soils. Soil pH is a function of vegetation, parent material composition, precipitation, and time since pedogenesis began. Vegetation is particularly important, because many plants produce organic acids that lower pH and enhance mineral weathering. Hence, even with a high-base status parent material, such as calcareous loess, acid-generating vegetation such as forest or acidic tundra can lower soil pH and result in mineral weathering. However, the reverse can also be observed, where calcareous loess inputs can influence pH and vegetation type. For example, in northern Alaska, soil pH and vegetation change as a function of downwind distance from rivers that are sources of calcareous loess (Walker and Everett, 1991) . Neverthe-FIGURE 11. X-ray diffraction patterns (glycolated, oriented mounts) of clays from selected soils, paleosols, and loesses from the Halfway House section.
FIGURE 12. X-ray diffraction patterns (glycolated, oriented mounts) of clays from selected soils, paleosols, and loesses from the Gold Hill section.
less, in Alaska, most modern soils that have developed under herb tundra, shrub tundra, boreal forest, or coastal forest are acidic (Rieger et al., 1979) . In contrast to forest and tundra, grasses recycle base-forming cations, and soils developed under grassland tend to be non-acidic. Modern grasslands are very rare in Alaska, but occur in parts of Yukon Territory. Laxton et al. (1996) reported that loess and loess-derived soils under grass in Yukon Territory are alkaline. In addition to vegetation influence on soil pH, plant communities can bring about microclimatic effects that increase chemical weathering. In our introduction, we alluded to Guthrie (1990 Guthrie ( , 2001 , who pointed out that although modern annual precipitation in central Alaska is low, certain microclimatic conditions enhance soil moisture. Boreal forest cover can reduce evaporation by shading during the summer months. The same forest cover can retain snow cover for longer periods in spring than would be the case with tundra or steppe vegetation, and extended periods of snow cover will tend to keep soil moisture high. Boreal forest can sometimes produce relatively thick soil O horizons that also minimize evaporative moisture loss from soils. Finally, forest cover, by reducing solar radiation to the soil surface, can help retain permafrost, which in turn can impede downward soil moisture loss. All of these factors can conceivably enhance chemical weathering in soils by retaining soil moisture for longer periods in summer than would be the case with some other vegetation type.
CHEMICAL WEATHERING OF SILICATE MINERALS
Results from our studies at all five loess sections indicate that most paleosols have experienced significant chemical weathering of silicate minerals. Modern soils and most buried soils at all five sections show lower Na 2 O/TiO 2 and SiO 2 /TiO 2 than subjacent loess, which we believe reflects plagioclase depletion. Based on comparisons of Na 2 O/TiO 2 in soils versus unaltered loess at the sections studied, there has been up to ,15-25% loss of Na 2 O, relative to TiO 2 , in the modern soils and some of the buried soils.
The losses of Na 2 O in loess-derived soils and paleosols in central Alaska can be compared to those observed in loess-derived soils and paleosols of mid-latitude regions. Modern, midWisconsin, and last-interglacial loess-derived soils in China have experienced 1-25% losses of Na 2 O (when normalized to TiO 2 ), based on data presented by Gallet et al. (1996) and Jahn et al. (2001) . The Chinese localities (Xining, Xifeng, Jixian, and Luochuan) have modern precipitation regimes ranging from less than 400 mm yr 21 to slightly greater than 600 mm yr
21
. In the North American midcontinent, loess-derived soils in western and southern Illinois have Na 2 O losses (again normalized to TiO 2 ) of ,25-35% for modern soils and ,50-65% for last-interglacial soils, based on data in Muhs et al. (2001b) and Grimley et al. (2003) . Modern precipitation in this region is ,900-1200 mm yr
. The amounts of Na 2 O loss, relative to TiO 2 , in loess-derived soils in Illinois are very similar to those for modern (,25%) and last interglacial (,50%) soils in loess near Wanganui, New Zealand, where mean precipitation is 800-900 mm yr 21 (Graham et al., 2001) . These comparisons indicate to us that loess-derived modern soils and paleosols in central Alaska have experienced at least as much Na 2 O loss as those in semiarid to subhumid parts of China and almost as much Na 2 O loss as modern loess-derived soils in the humid climates of Illinois and New Zealand. In Illinois and New Zealand, last-interglacial paleosols have experienced about twice as much Na 2 O loss as those in Alaska. However, at least in Illinois, the last interglacial paleosol complex may have developed over a period as long as ,50,000 yr (Grimley et al., 2003) .
CHEMICAL WEATHERING OF CLAY MINERALS
Weathering of silicates is also reflected in the clay mineral suites of central Alaskan soils and paleosols. The sources of loess, sediments of the Tanana and Yukon Rivers, have abundant amounts of clay-sized smectite. X-ray diffraction patterns of glycolated river clays show sharp smectite peaks, suggesting that these clays are well-crystallized. However, modern soils and most buried soils are characterized by an absence of smectite, or the presence of only broad smectite peaks with low-angle plateaus. These observations indicate that whatever smectite may have been present in the loesses initially has been depleted or at least altered significantly by weathering and pedogenesis. Chlorite and mica also appear to have experienced some depletion in some modern soils and paleosols. Birkeland (1999) summarized the geography of soil clay mineralogy and showed there is a strong relation of clay minerals to climate. Smectite is most common in soils of the plains, plateaus, and deserts of the central and western U.S.A., where Entisols, Aridisols, Mollisols, or Vertisols are found. In these semiarid or arid climates, grassland or desert shrubs dominate and alkaline conditions prevail, even in soils on well-drained landscape positions. In other climates, where conditions are humid and welldrained soils form under acidic, forest vegetation, smectite is absent and other clay minerals predominate. Examples include kaolinite in Ultisols of the southeastern U.S.A. or vermiculite in Spodosols of the northeastern U.S.A. The absence or minimal amounts of smectite in central Alaskan soils and paleosols suggests that conditions of pedogenesis at present and in the past were not conducive to the preservation of well-crystallized smectite, despite its abundance in the source sediments. This indicates that at present and in most periods of the past, conditions were likely humid and acidic enough that smectite, probably originally present in the loess, may have been largely depleted.
CHEMICAL WEATHERING OF CARBONATE MINERALS
Central Alaskan soils, paleosols, and loesses, even those that appear unaltered in the field, have probably lost much of their original carbonate. This interpretation is based on low CaCO 3 , CaO/TiO 2 , and MgO/TiO 2 in almost all of the loesses and paleosols, combined with the observation that the main source sediments (silts of the Tanana and Yukon Rivers) are calcareous.
In contrast, what appear to be unaltered loesses in mid-latitude regions such as China (Gallet et al., 1996; Jahn et al., 2001) and Illinois (Muhs et al., 2001b; Grimley et al., 2003) have CaCO 3 contents or CaO/TiO 2 that indicate little or no leaching of carbonates below the zones of pedogenesis, at least for loess of last-glacial age. Rare occurrences of low-carbonate zones in lastglacial loess in Kansas, Iowa, and Illinois are interpreted to be the result of syndepositional leaching under relatively low sedimentation rates (Swineford and Frye, 1951; Kleiss, 1973; Muhs and Bettis, 2000) . Higher-carbonate zones within the same midcontinent sections studied by these latter workers are interpreted to be zones of more rapid sedimentation rate.
Lack of carbonates within many zones of central Alaskan sections, including those parts that appear to be unaltered loess, suggests that vegetation at the time of loess sedimentation was acidic enough that carbonates were leached syndepositionally.
This implies that acid-producing vegetation (boreal forest or acidic tundra) was present during both the times of loess deposition and subsequent periods of soil formation. In midcontinental North America, loess of last-glacial age, such as that in Iowa and Illinois, is highly calcareous below the zone of modern soil formation (Muhs and Bettis, 2000; Muhs et al., 2001b) . Nevertheless, based on macrofossils, pollen, and faunas, vegetation in most of the midcontinent at the time of full-glacial loess sedimentation was likely boreal forest, tundra, or a mosaic of boreal forest and tundra (Baker et al., 1986; Schwert et al., 1997; Curry and Baker, 2000) . Despite the presence of this acidic vegetation, carbonates were preserved in midcontinent loess. However, last glacial loess accumulation rates in that region were among the highest in the world , such that sedimentation kept ahead of syndepositional leaching. Thus, another implication of the Alaskan results is that loess sedimentation rates in many periods of the past were probably relatively slow.
IMPLICATIONS OF CHEMICAL WEATHERING FOR PAST ENVIRONMENTS
It is possible to infer something about past vegetation as well as loess sedimentation rates in central Alaska using the trends of chemical weathering vs. depth, coupled with a comparison of river source sediments. Here we present a summary of possible paleoenvironmental conditions using Gold Hill as an example (Fig. 13) . The hypothesized pre-last-interglacial paleosols at ,1800 cm depth and ,1400 cm depth have lower CaO/ZrO 2 values than either Tanana or Yukon River silts. From this we infer that both paleosols formed under boreal forest or acidic tundra vegetation. This inference is supported by evidence of considerable Na 2 O and SiO 2 loss in both paleosols. The loess between these two paleosols has higher CaO/ZrO 2 values that fall within the lower ranges of the river silts. This trend suggests a moderate rate of loess accumulation, rapid enough that soils did not form, but slow enough that not all carbonates were preserved. In contrast, the loess between ,1400 and ,800 cm shows lower CaO/ZrO 2 values, almost all of which are lower than the silts from either source river. We interpret this depth trend to indicate a relatively low rate of loess sedimentation with syndepositional leaching under acidic tundra or boreal forest. Farther up-section at Gold Hill, what we infer to be a last-interglacial paleosol complex, between ,770 and ,670 cm, shows considerable CaO depletion. The last interglacial paleosol at Eva Creek shows the same trends. Plant macrofossil and pollen data indicate that this soil formed under a Picea and Betula-dominated boreal forest (Péwé et al., 1997; Muhs et al., 2001a) . Above the hypothesized last interglacial paleosol complex at Gold Hill, loess between ,670 and ,450 cm shows CaO/ZrO 2 within the range of river source sediments, suggesting moderate loess accumulation rates. Loess between ,450 and ,300 cm, however, shows much higher CaO/ZrO 2 . The uppermost part of this loess has CaO/ZrO 2 values that exceed those of Tanana River silts (though still within the range of Yukon River silts), from which we infer relatively rapid loess deposition. The paleosol that caps this loess at ,290-280 cm also has high CaO/ZrO 2 and calcite. This composition implies non-acidic vegetation, such as grass or steppe. The calibrated radiocarbon age of ,44,000 cal yr B.P. for humic acids from this paleosol indicates that this drier period could have occurred during the mid-Wisconsin, but we stress that this age could be a minimum estimate. Our cautionary note stems from the observation that a similar, carbonate-rich zone occurs at Halfway House, but with a radiocarbon age that is .50,000 yr B.P. Above the calcareous paleosol, three younger paleosols in a complex from ,280 to ,210 cm all show low CaO/ ZrO 2 values, implying acidic tundra or boreal forest vegetation. If this paleosol complex dates to the mid-Wisconsin interstadial period, an inference of acidic tundra or boreal forest vegetation is consistent with pollen records for this period reported by FIGURE 13. Plot of CaO/ZrO 2 for the Gold Hill loess section (taken from Fig. 8 ) and the ranges of CaO/ZrO 2 for the loess source sediments (silt fractions of the Tanana River and Yukon River). Also shown are inferred vegetation types during periods of soil formation and inferred rates of sedimentation during periods of loess accumulation. Anderson and Lozhkin (2001) . Loess above this paleosol complex, between ,210 and ,50 cm, shows CaO/ZrO 2 values within the lower part of the range of the river source sediments, implying some syndepositional leaching with a relatively low rate of loess accumulation.
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Be accumulation rate ages suggest that this loess could have been deposited during the Holocene or the late glacial period. Higher values of CaO/ZrO 2 also are found in the uppermost loess unit at Eva Creek, between depths of ,180 and ,400 cm, where we have a radiocarbon age of ,25,000 cal yr B.P. (Fig. 8) . Thus, it is possible that the early part of the last glacial period, with a more rapid loess accumulation rate, is missing at Gold Hill. Overall, the loess-paleosol stratigraphic record indicates variable rates of loess sedimentation, punctuated by periods of soil formation. However, with the exception of an early-to-midWisconsin period, both loess and paleosol zones suggest acidic vegetation, either tundra or boreal forest.
IMPLICATIONS OF LOESS-PALEOSOL WEATHERING FOR PLEISTOCENE MAMMALS IN CENTRAL ALASKA
A recurring paleoenvironmental hypothesis in Alaska and Yukon Territory is derived from the fossil vertebrate record of the Quaternary, which includes a number of large mammal grazers, such as mammoth (Mammuthus), horse (Equus), and bison (Bison). Based on radiocarbon ages in Guthrie (1990 Guthrie ( , 2006 , mammoth, horse, and bison would have been present in interior Alaska during the last (late Wisconsin) glacial period, midWisconsin interstadials, and possibly earlier. In a series of papers, Guthrie (1990 Guthrie ( , 2001 Guthrie ( , 2006 argued that the presence of these large grazing mammals in the fossil record requires that Alaska and at least parts of Yukon Territory must have had a grassland vegetation at various times in its past. This ''Mammoth Steppe'' biome is hypothesized to have existed because neither boreal forest nor tundra species now dominant in Alaska and Yukon Territory would have provided enough nutritional value for large grazers (Guthrie, 2001) . Furthermore, Guthrie (1990 Guthrie ( , 2001 , Laxton et al. (1996) , Schweger (1997) , Walker et al. (2001) , Goetcheus and Birks (2001) , and Zazula et al. (2006) stressed that grasses of the hypothesized Mammoth Steppe could have been supported by periodic deposition of high-nutrient-status loess deposits.
Chemical data presented here suggest that in many parts of the loess sections around Fairbanks, vegetation was acidic during periods of both loess sedimentation and soil formation. Indeed, at the Gold Hill section, only one period, dating to the earlyWisconsin or mid-Wisconsin, shows any significant evidence of carbonate retention during loess fall and subsequent soil formation. Acidic tundra or boreal forest vegetation is implied for all other periods of loess fall or soil formation.
At least two explanations can reconcile the central Alaskan loess record with the presence of large grazing mammals in an arid, steppe vegetation of the last glacial period (Guthrie, 1990 (Guthrie, , 2001 (Guthrie, , 2006 . One is that the loess record around Fairbanks is not representative of paleoenvironmental conditions in the rest of interior Alaska. Study of other loess sections in interior Alaska can test this hypothesis, of course. Nevertheless, the explanation is still not very satisfactory considering that many of the large, grazing mammal fossils themselves have been found in or near Fairbanks (Guthrie, 1990) . The other explanation is that central Alaskan loess sections simply have not preserved the last glacial period in their records. Muhs et al. (2003a) reported that existing radiocarbon, 10 Be, and thermoluminescence ages do not permit an interpretation of much, if any, loess accumulation in central Alaska during the last glacial period. Our only dated records of possible last-glacial loess are from the upper parts of the sections at Halfway House, Gold Hill, and Eva Creek, but even in these sections, a complete last-glacial loess record is at best uncertain.
Vegetation itself may explain the lack of loess records dating to the last glacial period in central Alaska. Tsoar and Pye (1987) and Begét (1988) pointed out that steppe or herb tundra vegetation communities have very low roughness compared to boreal forest or even shrub tundra. As a consequence, although there were expanded glaciers in Alaskan mountain ranges during the last glacial period (Péwé, 1975) , and presumably greater silt production, low-roughness vegetation may have allowed little accumulation and preservation of loess on most central Alaskan landscapes except where favorable conditions allowed it. Elsewhere in Alaska, where lakes record loess deposition (and hence vegetation plays little or no role in accumulation), full-glacial loess sedimentation is well documented (Muhs et al., 2003b) . Fullglacial loesses and paleosols, with good stratigraphic and chronological control, also have been reported from western Yukon Territory, but primarily in valley-bottom settings (Froese et al., 2002; Sanborn et al., 2006) . Interestingly, geochemical data from last-glacial-age Yukon Territory loess and paleosol sequences indicate little or no chemical weathering. Sanborn et al. (2006) interpreted the soil-forming environment to have been a base-rich one under steppe or tundra. It is possible that similar conditions existed in central Alaska, but that the stratigraphic records in the sections we studied simply have not preserved them.
Conclusions
Modern soils and paleosols in central Alaskan loess show significant loss of Na 2 O and SiO 2 , probably due to depletion of Na-plagioclase. Plagioclase losses in Alaskan soils and paleosols are comparable to those in some semiarid, subhumid, and humid soils and paleosols in loess of midlatitude regions, such as China and midcontinental North America. Smectite, present in the river sediments that are the sources of loess, is absent or poorly preserved in modern soils and paleosols. With few exceptions, carbonates are also absent in most Alaskan paleosols, despite the fact that sediments of the source rivers are calcareous. An unexpected result of our studies is that carbonates are depleted not only in the modern soils and most paleosols, but also, with a couple exceptions, in most of what appears to be ''unaltered'' loess. This observation suggests syndepositional carbonate leaching, the result of slow loess sedimentation under what was probably an acidic vegetation.
Thus, despite the short, cool summers, low precipitation, and low rates of organic matter decomposition, high-latitude soils of Alaska experience significant chemical weathering and have experienced it in past interglacial and interstadial periods. The loss of plagioclase, smectite, and carbonates in many Alaskan paleosols, comparable to that in modern Alaskan soils, indicates that conditions during past interglacials and interstadials were at least as warm and precipitation was at least as great as present. We interpret many of the soil-forming periods of the past to have been dominated by either acidic tundra or boreal forest.
